The Spanish Central System (SCS) contains several suites of Palaeozoic mafic igneous intrusions with contrasting geochemical affinity: Ordovician tholeiitic metabasites, Variscan calc-alkaline gabbros (Gb1) and microdiorites (Gb2), shoshonitic monzogabbros (Gb3) and alkaline diabases and lamprophyres (Gb4). Not all of these rocks are accurately dated, and several aspects of their genesis are still poorly understood. We present new whole-rock geochemical data (major and trace elements, and Sr-Nd isotopes), U-Pb and Lu-Hf isotopic ratios on magmatic zircons and 40 Ar/
Introduction
The study of primitive mafic rocks is an indirect way to determine the composition of their mantle sources. The analysis of different isotopic systems (e.g., Sr, Nd, Pb, Hf, O, C isotopic ratios), as well as the wholerock trace element composition, have been demonstrated as powerful tools to unravel complicated histories of mantle evolution (enrichment and depletion processes), and to determine the possible involvement of different mantle or crustal components in shallow mafic magmatism (e.g., Chauvel et al., 2008; Zhao et al., 2009; Tappe et al., 2013) .
In recent years, zircon has been extensively used to characterise the nature of mantle sources because: (i) it is a robust mineral capable of resisting metamorphic, igneous and sedimentary cycles, (ii) it may crystallise from crustal and mantle-derived melts, (iii) it contains significant isotopic information (U-Pb, Lu-Hf, O) and, (iv) microanalytical techniques allow the age of formation and isotopic signatures from the same zircon area to be determined. Studies of mafic rocks which combine whole-rock geochemical data with the zircon isotopic composition have been used to discuss the type of crustal components recycled into the mantle, the origin of deep-seated metasomatic agents and the lithospheric vs. asthenospheric nature of the magma sources (Griffin et al., 2000; Nowell et al., 2004; Chen et al., 2008; Cheong et al., 2015) . When several magmatic suites of contrasting composition are placed within an accurate temporal context, this kind of data can also provide a perspective on how the mantle composition has evolved over time and what changes can be ascribed to certain geodynamic settings (e.g., Tappe et al., 2007 Tappe et al., , 2016 Dai et al., 2011; Zhang et al., 2012; Couzini e et al., 2016; Gardiner et al., 2016) .
The Palaeozoic mafic rocks from the Spanish Central System (SCS) are mostly sills, dykes and small gabbroic intrusions, which represent mantle-melting events produced over an approximate age interval of 210 Myr, in at least three different stages: pre-Variscan (Early to Late , syn-to late-Variscan (Late Carboniferous-Early Permian: 310-285 Ma) or clearly post-Variscan (Middle Permian: 271-264 Ma) times. Their variable geochemical affinity testifies to the existence of heterogeneous mantle sources and/or the involvement of distinct processes that might have modified the mantle composition over time. Although much research have been done on the geochemistry and geochronology of these rocks (e.g., Villaseca et al., 2004 Villaseca et al., , 2011 Villaseca et al., , 2015 Scarrow et al., 2006 Scarrow et al., , 2009 Scarrow et al., , 2011 Orejana et al., , 2009 Orejana et al., , 2017 , the age of some of these magmatic events are still uncertain and several genetic aspects are poorly constrained, such as the number and nature of the metasomatic agents involved in the mantle sources and the role played by crustal components. Our study contributes whole-rock data, zircon U-Pb and Lu-Hf isotopic signatures and Ar-Ar geochronology, with the aim of improving the scarce data of some poorly sampled magmatic groups of mafic dykes, accurately dating magmatic events of unclear age and discussing the nature of the mantle sources on the basis of a comprehensive zircon Lu-Hf isotopic dataset.
The Spanish Central System (SCS) mafic magmatic events have been assigned to distinct geotectonic frameworks: oceanic rifting (preVariscan tholeitites), continental collision (Variscan calc-alkaline suites) and post-collisional extension prior to the onset of the break-up of Pangea (post-Variscan alkaline rocks), which would allow different processes of crust-mantle interaction and metasomatism. The study of the SCS mantle-derived rocks, which intruded over a long period of time and show contrasting geochemical affinities, can thus help to characterise the main changes in the lithospheric mantle during the Palaeozoic in connection with likely tectonomagmatic events.
Geological setting
The Spanish Central System is a mountain range exposing a large Variscan granitic batholith and its country metamorphic rocks. It is part of the Central-Iberian Zone, which represents the innermost region of the Variscan Iberian Belt (Fig. 1) . The metamorphic rocks consist of: (i) metasedimentary sequences deposited in a back-arc basin during the Cadomian orogenic cycle (Neoproterozoic-Cambrian) and in the context of a later continental passive margin (Ordovician-Devonian), and ii) Cambrian-Ordovician peraluminous metagranitic orthogneisses dated mostly to 481-496 Ma (U-Pb in zircon; Villaseca et al., 2016) .
The magmatic events recorded in the SCS might be ascribed to five main stages: (1) the Cadomian orogeny (e.g., Villaseca et al., 2016) , (2) the Ordovician rifting leading to the opening of the Rheic ocean (e.g., Villaseca et al., 2015; Orejana et al., 2017) , (3) the collisional Variscan cycle (e.g., Villaseca et al., 1998; Bea et al., 1999; Orejana et al., 2009; Scarrow et al., 2009) , (4) the Permian extension (e.g., Scarrow et al., 2011) , and (5) the Triassic-Jurassic rifting leading to the opening of the Atlantic Ocean (e.g., Cebri a et al., 2003) . The last four stages include the intrusion of plutonic or subvolcanic mantle-derived rocks, whose main petrographic and geochemical characteristics are summarised in Table 1 .
The first manifestation of mafic magmatism in the SCS corresponds to small dykes, sills or laccoliths intruding into granitic Cambrian-Early Ordovician augen gneisses or Neoproterozoic-Cambrian metasediments (Fig. 1 ). These are mainly gabbroic and dioritic metabasites, although more differentiated types (tonalitic) are also present in the Tenzuela massif (Villaseca et al., 2015; Orejana et al., 2017) . Two groups of metabasites can be distinguished according to their geochemical and petrographic features (Table 1) : those from the Tenzuela sector, and those from the Revenga-El Caloco area. The first group displays a HP-MT (eclogite/HP granulite) metamorphic mineral paragenesis due to deep burial during the Variscan collision (Barbero and Villaseca, 2000) , whereas primary igneous mineralogy and textures are better preserved in the Revenga area. As a whole, these metabasites constitute tholeiitic series extending from basic to intermediate types. They have been dated to 453-473 Ma (U-Pb zircon geochronology) and the involvement of two different mantle sources has been suggested on the basis of their heterogeneous Sr-Nd isotopic composition (Orejana et al., 2017) .
The late stages of the Variscan collision involved the generation of multiple granitic bodies from central to NW Spain. Although scarce, coeval mantle-derived magmas accompanied the felsic melts, giving rise to small gabbro and diorite intrusions (Gb1 in Fig. 1 ) and km-sized dyke swarms (Fig. 1) . U-Pb zircon data of the SCS gabbros imply intrusion ages in the main range of 305-300 Ma (Villaseca et al., 2011, and references therein) , in accordance with the ages determined on the SCS granites (e.g., Orejana et al., 2012) . Microdioritic dyke swarms, accompanied by felsic granitic porphyries, crosscut the whole SCS batholith (Gb2 in Fig. 1) . A poorly constrained age of 296 AE 3 Ma (Rb-Sr whole-rock isochron; Galindo et al., 1994) has been suggested for these intrusions. The microdiorites are members of a calc-alkaline series, similar to the plutonic gabbroic-dioritic Gb1 association, with fractionation and magma mixing as the main differentiation processes involved (Huertas and Villaseca, 1994; Orejana et al., 2009; Scarrow et al., 2009) . The last magmatic event of the Variscan cycle is represented by monzonitic microgabbroic dykes of shoshonitic affinity and uncertain age, which outcrop within a restricted area of the SCS (Gb3 swarm in Fig. 1 ). These Variscan mafic rocks (gabbros, microdiorites and monzonitic gabbros) all have incompatible trace element contents (e.g., negative Nb-Ta anomalies, high Th/Yb, low Ce/Pb) characteristic of magmas from active continental margins or collisional orogens (Table 1) . A lithospheric mantle has been proposed as the source of their primary melts, with a significant contribution from crustal recycling (e.g., Villaseca et al., 2004; Orejana et al., 2009) .
A suite of volatile-rich mafic-ultramafic alkaline dykes follows the calc-alkaline series. This group may be subdivided into (i) diabases, and (ii) lamprophyres to monzosyenitic porphyries on the basis of petrographic and geochemical data (Table 1) . Previous geochronological studies have provided Permian intrusion ages in the range of 252-264 Ma (Ar-Ar in amphibole and U-Pb in zircon; Perini et al., 2004; Fern andez-Su arez et al., 2006; Scarrow et al., 2006; Perini and Timmerman, 2008) , although only lamprophyres (or the associated syenitic porphyries) were sampled. Their Sr-Nd isotopic ratios suggest the melting of lithospheric and asthenospheric mantle sources previously Scarrow et al. (2006) , Perini and Timmerman (2008) and this study (alkaline dykes); Galindo et al. (1994) and this study (microdiorites and monzonites); Villaseca et al., 2011 this study (Gb1 gabbros) and Villaseca et al. (2015) and Orejana et al. (2017) Stern, 2002) , using isotopic ratios taken from Bea et al. (1999) , , Scarrow et al. (2011) and this study (alkaline dykes); Villaseca et al. (2004) and this study (microdiorites and monzonites); Orejana et al. (2009) (Gb1 gabbros) and Villaseca et al. (2015) and Orejana et al. (2017) (metabasites).
metasomatised by deep-seated K-volatile-rich melts . In this study we will follow the nomenclature used by Villaseca et al. (2004) to distinguish the Variscan and post-Variscan suites of mafic rocks: Gabbros (Gb1), microdioritic dykes (Gb2), shoshonitic monzogabbros (Gb3) and the alkaline suite (Gb4). A fifth suite (Gb5) corresponding to the large tholeiitic Messejana-Plasencia dyke was also included in the work of Villaseca et al. (2004) , however, these latter mafic rocks have not provided magmatic zircons and their age of intrusion (in the Jurassic-Triassic transition) has already been accurately determined (203 AE 2 Ma; Ar-Ar in biotite; Dunn et al., 1998) , so they do not fit the objectives of our study.
Analytical methods
3.1. Whole-rock composition and isotopic (Rb-Sr, Sm-Nd) ratios
Major and trace element analyses were carried out at ACTLABS (Ancaster, Ontario, Canada). The samples were melted using LiBO 2 and dissolved with HNO 3 . Inductively coupled plasma atomic emission spectrometry (ICP-AES) was used for major element analysis, and trace elements were determined by inductively coupled plasma mass spectrometry (ICP-MS). Uncertainties in major elements range from 1 to 3%, except for MnO (5%-10%). The precision of ICP-MS analyses at low concentration levels has been evaluated from the repeated analyses of the international standards NIST-694, DNC-1, JR-1, W-2, SY-4 and BIR-1. The precision for trace elements is in the range 1%-5%. More information on the procedure, precision and accuracy of ICP-MS analyses can be provided by Actlabs upon request. Whole-rock chemical data (n ¼ 9) is presented in Supplementary Table 1 .
Sr-Nd whole-rock isotopic analyses were carried out at the CAI de Geocronología y Geoquímica Isot opica (Complutense University of Madrid), using an automated VG Sector 54 multicollector thermal ionisation mass spectrometer. Analytical data was acquired in multidynamic mode. The analytical procedures used in this laboratory have been described elsewhere (Reyes et al., 1997 
U-Pb and Lu-Hf isotopic ratios in zircon
Zircons were separated using standard techniques and a representative selection was handpicked from each sample. These grains were mounted in epoxy resin for microanalytical analysis at the IBERSIM laboratories (University of Granada, Spain), together with the reference zircons TEMORA 1, SL13 and REG. The mount was polished and the zircon central portions were imaged with transmitted and reflected light, and with cathodoluminescence on a scanning electron microscope. Selected areas in the grains of four samples (80317, 80324, 112905 and 116452) , was set to an intensity of about 5 nA, with a 120 μm Kohler aperture, which generates 17 Â 20 μm elliptical spots on the target. All calibration procedures were performed on the standards included on the same mount. One TEMORA zircon standard was analysed for every four unknown analyses. Data was reduced using the SHRIMPTOOLS software (available from www.ugr.es/~fbea), specifically developed for IBER-SIMS by Fernando Bea. More details can be found in http://www.ugr.es /~ibersims/ibersims/Sample_analysis_and_methods.html. Pb/U ratios were normalised relative to a value of 0.06683 for the 206 Pb/ 238 U ratio of the TEMORA reference zircon, equivalent to an age of 417 AE 1 Ma (IDTIMS in zircon; Black et al., 2003) . Concentration data was normalised against zircon standard SL13 (210 ppm U, Black et al., 2004) . U-Pb age determinations on three gabbroic samples (T149, T150 and T151) were performed by laser ablation ICP-MS at the GEMOC, at the Macquarie University of Sydney, using a New Wave 213 laser ablation microprobe, attached to an Agilent 7500 quadrupole ICP-MS. The laser system delivers a beam of 213-nm UV light from a frequency-quintupled Nd: YAG laser. Analyses were carried out with a beam diameter of 30 μm, a 5 Hz repetition rate and energies of 60-100 mJ/pulse. Typical ablation times are 100-120 s, resulting in pits 30-40 μm deep. The time-resolved signals were processed using GLITTER interactive software. The standards used were the 91500 zircon (1064 AE 2.5 Ma; Wiedenbeck et al., 1995) and the Mud Tank zircon (734 AE 32 Ma; Black and Gulson, 1978) , with the GEMOCGJ-1 standard as a quality control (608.5 Ma). Their measured mean values are within 2σ of the recommended values. Uncertainties given for individual analyses (ratios and ages) are at the 1σ level; however, uncertainties in the calculated concordia ages are reported as 95% confidence limits. Concordia plots were drawn using Isoplot 3.0 software (Ludwig, 2003) . All ages are 204-corrected 206 Pb/ 238 U ages (Supplementary Table 3 ).
The Lu-Hf zircon isotope ratios were determined by LA-MC-ICPMS in two different laboratories. Eight samples (80317, 80324, 110406, 110407, 110410, 112905, 114793 and 114796) were analysed at the Department of Geosciences (University of Oslo) using a Nu Plasma HR mass spectrometer and a Cetac LSX-213 G2þ laser microprobe. Masses 172 to 179 were measured simultaneously in Faraday collectors, using the Nu Plasma collector block. Laser-ablation conditions were: 50 μm static spot (aperture imaging mode), 5 Hz pulse frequency and ca. 2 J/ cm 2 beam fluence. Each ablation was preceded by a 30 s on-mass background measurement. The total Hf signal obtained was in the range 1.5-4.0 V. Under these conditions, 120-150 s of ablation are required to obtain an internal precision of AE0.000020 (1σ). Isotope ratios were calculated using the Nu Plasma time-resolved analysis software. The raw data was corrected for mass discrimination using an exponential law, the mass discrimination factor for Hf (ƒHf) was determined assuming 179 Hf/ 177 Hf ¼ 0.7325 (Patchett and Tatsumoto, 1980) . The Mud Tank and LV-11 reference standards were used for analysis calibration. Their analysed mean values: 0.282497 AE 0.000037 (2σ; n ¼ 200), and 0.282830 AE 0.000068 (2σ; n ¼ 119), respectively, agree with the mean published values: 0.282507 AE 0.000006 for MT (Woodhead and Hergt, 2005) and 0.282830 AE 0.000028 for LV-11 (Heinonen et al., 2010) . The protocol used for correction for interference from 176 Lu, 176 Yb and corrected 176 Hf is given in Elburg et al. (2013) .
The remaining Hf isotope analyses (samples T149, T150 and T151) were performed in situ using a 213 nm Nd:YAG laser microprobe attached to a Nu Plasma multi-collector ICP-MS system at the GEMOC laboratories. Each analysis was carried out with a beam diameter of Hf is AE0.001%-0.002% (about 1 epsilon unit), reflecting both analytical uncertainties and the spatial variation of Lu-Hf across many zircons.
The 176 Lu decay constant value of 1.865 Â 10 À11 a À1 was used in all calculations (Scherer et al., 2001 Table 5 ). Amphiboles were crushed and sieved to obtain a size fraction of 300-600 μm. Further details on sample procedures can be found in Duncan and Keller (2004) . Samples were loaded in evacuated quartz tubes together with Fish Canyon sanidine monitor standard (28.201 AE 0.023 Ma; Kuiper et al., 2008) and irradiated in the Oregon State University TRIGA reactor ICIT facility. Analyses were performed at the Argon Geochronology Laboratory of the Oregon State University, using an ARGUS VI multi-collector mass spectrometer equipped with a 25 W Synrad CO 2 laser. Corrections of interferences with Ca and K are given in Wijbrans et al. (1995) . The 4 K decay constant used is 5.53 Â 10 À10 a À1 (Min et al., 2000) .
Incremental heating plateau ages were calculated using the ArArCALC v2.5.2 software from Koppers (2002) . The uncertainties in the apparent ages at each step, as well as the weighted mean plateau ages, are given at the 2σ level.
Whole-rock geochemistry of mafic series from central Spain
A detailed discussion of the whole-rock geochemistry of the different suites of basic igneous rocks from central Spain is beyond the scope of this work. An abundant geochemical dataset of these intrusions can be found in the literature, mainly for the Ordovician metabasites, the Variscan gabbros (Gb1) and the alkaline series (Gb4) (Bea et al., 1999; Barbero and Villaseca, 2000; Orejana et al., , 2009 Orejana et al., , 2017 Scarrow et al., 2009 Scarrow et al., , 2011 Villaseca et al., 2015) , together with a comprehensive interpretation of their genesis. Conversely, little data is available on the Variscan microdiorites (Gb2) and monzogabbros (Gb3) (Huertas, 1990; Huertas and Villaseca, 1994; Villaseca et al., 2004) . We have thus analysed nine new samples (5 microdiorites, 3 monzogabbros and 1 alkaline diabase) to complement this latter dataset. The major and trace element contents and the isotopic composition (Sr-Nd) can be found in Supplementary Tables 1 and 2 , respectively. The data description (as well as that shown in Figs. 2-4) accounts for all the mafic rocks, including the new analyses and those from the literature.
Most of the mafic igneous series are subalkaline, with the exception of the Permian Gb4 alkaline suite ( Fig. 2A) . The evolution shown by the subalkaline series in the AFM diagram ( Fig. 2B ) allows the distinction of (2000), Villaseca et al. (2015) and Orejana et al. (2017) for the Ordovician metabasites; Orejana et al. (2009) and Scarrow et al. (2009) for the Gb1 calc-alkaline suite; Villaseca et al. (2004) for the microdioritic and monzonitic dykes (Gb2 and Gb3); and Bea et al. (1999) , and Scarrow et al. (2011) for the alkaline dykes (Gb4). The average trace element composition of Ordovician metabasites and Gb1 gabbros in Diagram C are representative of the basic terms in those series. Primitive mantle values after McDonough and Sun (1995) .
the Ordovician tholeiitic metabasites from the rest of sub-alkaline Variscan mafic rocks (Gb1, Gb2 and Gb3). The metabasites, Gb1 calcalkaline intrusions and alkaline dykes display a heterogeneous composition, with SiO 2 broadly ranging from 41 wt.% to 45 wt.% to 66-73 wt.% ( Fig. 2A) . The most primitive samples in these three groups show Mg# values and Cr and Ni concentrations representative of near-primary magmas. Evolution towards the most differentiated types has been related to AFC (fractional crystallisation þ assimilation) processes in the case of the metabasites and the alkaline dykes (Orejana et al., , 2009 (Orejana et al., , 2017 , whereas the association of the Gb1 gabbros with Q-diorites, tonalities and granodiorites has been explained by mixing and mingling with the abundant Variscan granitic magmas (Orejana et al., 2009; Scarrow et al., 2009; Villaseca et al., 2011) . The new analysed samples are similar in composition to the previous Gb2 and Gb3 data and configure two restricted fields without an apparent trend of evolution ( Fig. 2A) . Intermediate lithologies between the microdiorites (Gb2) or monzonitic gabbros (Gb3) and the accompanying prevalent granitic porphyries have been described in central Spain (Huertas and Villaseca, 1994) , however, indicating that the mixing of mantle-and crustal-derived magmas is also possible in these cases. While the Gb2 suite seems to be part of a typical calc-alkaline evolution trend, the Gb3 gabbros stand out for their high K 2 O content, indicative of a shoshonitic composition (Supplementary Table 1 ) (Fig. 2C ).
Fig . 2D shows the Primitive Mantle-normalised trace element contents of the analysed samples. This data is representative of the bulk Gb2, Gb3 and Gb4 groups (see results in Villaseca et al., 2004 and . For the sake of clarity, only averaged compositions have been plotted for the metabasites (depleted Tenzuela and enriched Revenga-El Caloco samples) and Gb1 gabbros. A moderate enrichment of LILE and LREE is apparent in the Revenga-El Caloco metabasites, Variscan gabbros and microdioritic dykes. The shoshonitic Gb3 dykes and the alkaline suite show even higher concentrations for these elements (Fig. 2D) , and more fractionated chondrite-normalised HREE patterns (Fig. 3B) . The trace element composition of the alkaline lamprophyres and diabases closely resembles that of OIB, with HFSE enrichment, Nb-Ta positive anomalies and high Ta/Yb ratios, typical of rocks derived from an enriched mantle reservoir (Figs. 2D and 3A) . Moderate to strong Nb-Ta negative anomalies are characteristic in the rest of the mafic suites, excluding the Tenzuela metabasites (Figs. 2D and 3B ). The Th/Yb and Ta/Yb ratios of the calc-alkaline and shoshonitic series fall within the field of igneous rocks associated with active continental margins, whereas the metabasites are intermediate between this pole and the mantle array (Fig. 3A) .
Overall, the isotopic data extends from a depleted near-MORB composition (εNd ¼ 7.1) to a moderately enriched pole ( 87 Sr/ 86 Sr ¼ 0.708802) (Fig. 4A ). This range is mostly confined to the Mantle Array, excepting a few metabasites (with εNd > 2) interpreted as affected by metamorphism (Orejana et al., 2017) . The Gb1 gabbros-diorites, metabasites and Gb4 alkaline dykes exhibit a large heterogeneity, although the latter two groups show a bimodal composition (compositional gap between εNd ¼ 4-1.5) rather than a continuum. The calc-alkaline mafic dykes are more homogeneous and represent the most radiogenic values (Fig. 4A ). This dataset overlaps the composition of mantle xenolith from central and western Europe (Beccaluva et al., 2004 and references therein), including those from central Spain (Villaseca et al., 2010) , and its most enriched pole coincides with the isotopic ratios determined for other Variscan gabbroic rocks from nearby regions (Fig. 4A ).
The Nd model ages (T DM ) calculated for these mafic suites represent a relatively long period of time (2115-452 Ma; 
Zircon geochronology
Zircon size, morphology and texture was studied from all samples using transmitted and reflected light microscopy, as well as BSE and CL imaging. The studied zircons are colourless to slightly yellowish, and usually range from 50 to 250 μm in size, although some grains may reach lengths up to 500 μm (Fig. 5) . They may be anhedral, mostly because the original crystals are fragmented, but there is a tendency to develop euhedral and subhedral habits, mainly bipyramidal morphologies with aspect ratios commonly from 1:2 to 1:3. The predominant internal structure is oscillatory zoning, followed by unzoned grains. Sector zoning is occasional and the development of bright rims and recrystallisation textures is restricted to the moderately to strongly metamorphosed Ordovician metabasites (Fig. 5) .
A total of 143 crystals were analysed for U-Pb isotopes, resulting in 145 analyses, in samples T149 (n ¼ 12), T150 (n ¼ 25), T151 (n ¼ 22), Sun and McDonough (1989) . Continental crust average composition is taken from Rudnick and Gao (2003) . The field of active continental margins after Wilson (1989) . Smaller symbols are data from the literature (see references in caption to Table 3 ). Discordant analyses (d > 13%) and data showing high common Pb (>1.1%) was not considered for age calculations (21 points) and the resulting 124 data points were plotted in weighted averaged and Wetherill concordia diagrams (Figs. 6 and 7) . Table 3) , respectively. The weighted average age calculated for sample 80317 (265.4 AE 4.1 Ma) is slightly younger than that of sample 80324 (271.0 AE 2.1 Ma) (Fig. 6 ), although they overlap if the associated error is considered. Alternatively, a very similar concordia age has been obtained for sample 80317 (264.7 AE 4.4 Ma). The 13 analyses used to calculate the weighted average age in sample 80324 do not allow a concordia age to be calculated (Fig. 6 ). This data perfectly matches the previous results on the same alkaline suite (~264 Ma based mainly on amphibole Ar-Ar geochronology in mafic rocks: Perini et al., 2004; Scarrow et al., 2006; Perini and Timmerman, 2008) , although they were determined exclusively on the mafic to ultramafic lamprophyric dykes. The only attempt previously made to date the accompanying alkaline monzosyenitic suite was that by Fern andez-Su arez et al. (2006) , which provided an age of 252 AE 3.0 Ma based on a small number of zircon spots. Table 3 ). Twenty four zircon analyses were used to calculate a weighted average age of 285 AE 1.4 Ma (Fig. 6) . These spots do not yield a concordia age, but the intercept age (287 AE 1.9 Ma) is similar to the above weighted average. The data of 285 Ma can be considered a good approximation to the age of crystallisation for this mafic rock.
Granite porphyry dyke (sample 116452)
Due to the absence of magmatic zircons in the calc-alkaline microdiorite dykes (Gb2), we sampled the accompanying felsic terms in order to obtain U-Pb zircon ages. The abundant granite porphyry dykes outcropping in the Spanish Central System show complex interactions with the associated microdioritic magma (mingling and mixing features in diverse composite dykes), which demonstrates that they constitute a coeval bimodal magmatism (e.g., Huertas and Villaseca, 1994 ). An attempt to date the mafic dykes based on Ar-Ar geochronology is presented below.
Zircon analyses from sample 116452 yielded a wide temporal range from 260 Ma to 308 Ma, with the exception of one inheritance (532 AE 7 Ma; Supplementary Table 3) . After data filtering, very similar concordia and weighted average ages (291.6 AE 2.5 Ma and 292.1 AE 1.8 Ma, respectively) were calculated (Fig. 6 ). This data is in agreement with previous results (Rb-Sr whole-rock isochron, 296 AE 3 Ma; Galindo et al., 1994) .
Variscan gabbros (Gb1; samples T149, T150 and T151)
The three analysed gabbros provided ages (after filtering of data) close to the Carboniferous-Permian boundary (Supplementary Table 3) . Samples T149 and T151 show a relatively narrow range of 206 Pb/ 238 U ages, with weighted averages of 294.4 AE 2.7 Ma and 300.8 AE 1.8 Ma, respectively (no concordia ages could be calculated). These results closely resemble the intercept ages (Fig. 7) . On the other hand, gabbro T150 displays a broader age spectrum (282-313 Ma) which does not allow an a priori straightforward interpretation. This heterogeneous and continuous dataset might be due to Pb loss, but there are no significant differences in the CL internal structure of zircons in this sample (they are mostly unzoned and unaltered), so it is not possible to make an initial selection on the basis of their texture. We have thus applied the TuffZirc method (Ludwig and Mundil, 2002) , which is based on slight positive and negative age biases in the dataset and extracts a median age from the largest cluster of ages. The calculated age is 305.0 (þ2/-3) Ma, and is similar to the intercept age obtained for the same analyses (Fig. 7) . The above results can be considered the best approximation to the crystallisation ages, and they are mostly coincident with previous geochronological data on the SCS Variscan gabbros (300-305 Ma; U-Pb in zircon; Villaseca et al., 2011) . However, it is noteworthy that the age calculated for sample T149 (294.4 AE 2.7 Ma) falls out of the above range and represents the youngest age recorded in these gabbroic intrusions.
Lu-Hf isotope composition
Lu-Hf isotope ratios were determined in the same spot that U-Pb zircon data was obtained, or within the same zone, resulting in a total of 164 analyses in samples T149 (n ¼ 10), T150 (n ¼ 10), T151 (n ¼ 10), (Gal an et al., 1996) , gabbroic rocks from northern Portugal (Dias and Leterrier, 1994; Dias et al., 2002) ; and gabbros from Pyrenees (Vil a et al., 2005) , together with that of mantle xenoliths from western and central Europe (Beccaluva et al., 2004 , and references therein). MORB field taken from Wilson (1989) . Table 4 ; Fig. 8B ). This data is relatively homogeneous and coincident in both samples. The shoshonitic dyke has a similar composition, although with a wider range and slightly higher ratios (Fig. 8A) . The Variscan gabbros exhibit the most scattered values, mainly with positive εHf (up to þ7), and within-sample variations up to 11 epsilon units (Fig. 8B) . The wide ranges shown by these samples overlap, and are also equivalent to previous results from other gabbroic intrusions (Fig. 8B) . The Ordovician metabasites provided consistent data, all plotting above the CHUR (Fig. 8A) . Samples 110406 and 110410 give rise to a clear dispersion of ages towards values lower than the estimated age of intrusion. This scattering is probably associated with the Variscan metamorphism, which might lead to Pb loss, while the Lu-Hf system remained undisturbed (e.g., Amelin et al., 2000) . Due to the low 176 Lu/ 177 Hf ratios of zircon (~0.001-0.003) the 176 Hf/ 177 Hf ratios calculated at the age of crystallisation are almost identical to those calculated to the observed age, as evidenced by metabasites 110406 and 110410 (Fig. 8A ).
Τhe εHf of the SCS mafic rocks shows a broad positive correlation with the whole-rock εNd values (Fig. 8B) , also manifested in a general overlapping of most samples with the mantle array. Exceptions to this are the alkaline dykes, which plot below the mantle evolution line, and the most enriched metabasites (114793 and 114796), which plot slightly above (Fig. 8B) . The gabbro T115 also falls out of this trend (far below the mantle array) and show a more enriched composition with respect to the other gabbros (εHf < À3.5) (Fig. 8B) . The metabasites suite involves two different mantle sources: an isotopically depleted component represented by samples 110406 and 110407 (Tenzuela sector), and an enriched pole defined by samples 114793 and 114796 (Revenga-El Caloco sector) (see Orejana et al., 2017) . Sample 110410, which has intermediate isotopic values, has been related to a process of crustal assimilation. No correlation is apparent in the case of the Variscan gabbros, in part due to the large dispersion of the dataset (Fig. 8B ).
Ar-Ar geochronology
Samples from Gb2 microdiorite and Gb4 diabase dykes did not provide magmatic zircons, so the Ar-Ar method of dating was applied to amphibole separated from two samples: hornblende-rich segregates in microdiorite 112900 and a kaersutite megacryst from an alkaline diabase (Bernuy Salinero dyke; .
A plateau age of 299.9 AE 1.4 Ma was obtained for microdiorite 112900, based on 27 step ages (Supplementary Table 5 ; Fig. 9 ). This age is similar to the inverse isochron age (302.9 AE 2.9 Ma) within error, and could be taken as the most probable age of intrusion of this microdiorite dyke. The SCS microdiorites belong to a bimodal suite of mafic to felsic dyke swarms with W-E strike directions, very abundant in central Spain (e.g., Huertas and Villaseca, 1994) , which crosscut granitic plutons dated in the broad age range of 305-297 Ma in the Guadarrama sector (Orejana et al., 2012) . The only available age on the felsic dykes (granitic porphyries) from the SCS (296 AE 3 Ma; Rb-Sr isochron in Galindo et al., 1994) overlaps the U-Pb zircon age calculated for sample 116452 (granitic porphyry) in this study (292.1 AE 1.8 Ma).
The kaersutite megacryst from an alkaline diabase dyke has provided Ar), almost identical to the 274.4 AE 1.7 Ma inverse isochron age (Fig. 9 ). This age is older than the main age range of the Permian SCS lamprophyres (256-264 Ma; see references in Table 1 ) and the associated alkaline monzosyenitic samples 80317 and 80324 (264-271 Ma; this study).
Discussion

Geochronological constraints
There have been several events of mafic magmatism in the SCS from Lower Ordovician to Jurassic. Accurate dating of these intrusions has been attempted in recent years, leading to an improvement of the age and geodynamic constraints (e.g., Dunn et al., 1998; Scarrow et al., 2006; Villaseca et al., 2011 Villaseca et al., , 2015 Orejana et al., 2017) . The metabasites outcropping in the Tenzuela, El Caloco and Revenga sectors are the oldest mafic rocks in the SCS (473-453 Ma) and are considered the first manifestation of proto-rifting (Rheic ocean opening) within the Central Iberian Zone (Orejana et al., 2017) . A long time span followed this Ordovician event until other mantle-derived magmas intruded into the SCS during the Variscan collisional orogeny. They correspond to small gabbroic-dioritic bodies, which have provided ages within a narrow period (307-300 Ma; U-Pb in zircon; Bea et al., 2006; Zeck et al., 2007; Villaseca et al., 2011) . Different suites of mafic dyke swarms with contrasting geochemical affinities (calc-alkaline, shoshonitic, alkaline and tholeiitic) then intruded in the SCS (e.g., Villaseca et al., 2004) . Although crosscutting relationships among these dyke groups allowed a likely sequence of emplacement to be identified, precise ages were lacking for some, making their association with an specific geodynamic setting Our geochronological results, based on both U-Pb zircon and 40 Ar- 39 Ar ages, provide a more precise time frame for the entrainment of the post-collisional Permian magmas. The three gabbroic samples (T149, T150 and T151) show crystallisation ages (305-294 Ma; Fig. 7 ) within a range slightly wider than previously determined (307-300 Ma; Bea et al., 2006; Zeck et al., 2007; Villaseca et al., 2011) . Nevertheless, this data reinforces the coetaneous emplacement of mantle-derived magmas other Variscan gabbros has been included for comparison. Mantle array, OIB field and average MORB composition after Chauvel et al. (2008) . The evolution line of IAB is from Vervoort and Blichert-Toft (1999) . Ar plateau diagrams for incremental heating experiments on single amphibole crystals from microdiorite 112900 and a kaersutite megacryst from an alkaline diabase. Box heights are 2σ. Ages presented with 2σ uncertainty including a J-value ¼ 0.00026948 AE 0.00000023 (sample 112900) and 0.00026926 AE 0.00000023 (kaersutite megacryst). Plateau steps are in dark blue; rejected steps are grey.
together with the voluminous SCS peraluminous felsic plutons (312-298 Ma; U-Pb in zircon; e.g., Guti errez-Alonso et al., 2011; Orejana et al., 2012; Díaz-Alvarado et al., 2013) during the late Variscan stages.
The age obtained for the microdiorite sample (299.9 AE 1.4 Ma) is close to that determined on an E-W granite porphyry dyke (296 AE 3 Ma; Galindo et al., 1994) , overlapping the younger ages of granitic intrusions. This Gb2 mafic suite, and the accompanying more abundant E-W granitic porphyry dykes, crosscut the whole batholith (Villaseca et al., 2004) , and their coeval intrusion is confirmed by mixing and mingling structures observed in field exposures (Huertas and Villaseca, 1994) . Although they mostly postdate the main event of granite magma emplacement in the SCS, the above ages indicate that this bimodal suite of dykes can be considered contemporary with respect to the last SCS plutonism. In fact, there is evidence of these dyke swarms being interrupted by late granite plutons (e.g., Ubanell and Doblas, 1987) . The age of 292.1 AE 1.8 Ma obtained from a N-S porphyry dyke sample (116452) which intersects the main E-W suite, implies that these felsic magmas followed the build-up of the SCS batholith for nearly 8 Myr (~300-292 Ma). They probably represent feeder conduits of shallow magma bodies or volcanic emissions. Volcanic and subvolcanic mafic and felsic igneous rocks of equivalent age (293-287 Ma) have been described to the east of the SCS (Lago et al., 2004 and references therein). The similitude in age between the gabbro T149 (294.4 AE 2.7 Ma; Fig. 7 ) and the bimodal suite of dykes suggests that the calc-alkaline Variscan gabbros and the microdiorite dyke swarms might represent mantle-derived magmas belonging to a single magmatic event which extended in the broad range of 307-294 Ma. Coeval mafic and felsic melts intruded in several pulses during this time span, with an initial stage characterised by pluton emplacement (up to~298 Ma) and a subsequent phase of dyke intrusion. The age of the Gb3 monzonitic gabbro dykes (285.6 AE 1.4 Ma; Fig. 6 ) is younger than that of the previous microdiorites. Moreover, these potassic (shoshonitic) gabbros are also accompanied by low volume felsic magmas and represent a localised minor magmatic event within the SCS. Taking all this into account, these mafic dykes might be seen as the final magmatic manifestation of the Variscan cycle in the SCS.
A gap of about 10 Myr precedes the onset of alkaline magmatism. This group of dykes was thought to intrude mainly around 264 Ma (Ar-Ar in amphibole; Perini et al., 2004; Scarrow et al., 2006; Perini and Timmerman, 2008) , however, these studies were focused exclusively on the ultramafic lamprophyre types, leaving aside a suite of mafic diabases, which exhibit a distinct isotopic composition ( Fig. 4 ; . These diabases did not provide magmatic zircons, so we performed Ar-Ar on the abundant kaersutite megacrysts they carry, which are clearly cogenetic, as demonstrated by the isotopic data . The Ar-Ar age of 274.4 AE 1.5 Ma (Fig. 9 ) obtained from this amphibole suggests that the Gb4 alkaline event started 10 Myr sooner than previously thought and that the diabases are slightly older than the lamprophyres. The other two alkaline samples analysed (80317 and 80324) belong to a suite of intermediate to felsic monzonitic-syenitic dykes which are fractionated melts genetically related to the lamprophyric magmatism . Their ages (265.4 AE 4.1 Ma and 271.0 AE 2.1 Ma) closely resemble that of the lamprophyres, reinforcing the mentioned relationship. This data is significantly older than a previous age obtained from another alkaline Gb4 syenitic dyke (252 AE 3.0 Ma; Fern andez-Su arez et al., 2006) , although this is an intercept age derived from a small number of analyses (n ¼ 5). In any case, our geochronological data would favour the presence of several stages of alkaline magma input within the narrow range of 274-264 Ma, rather than a single pulse.
The occurrence of this Permian alkaline magmatism is probably associated with a transitional geodynamic scenario involving lithosphere thinning and the upwelling of a deeper mantle , during a rifting stage previous to the development of the Central Atlantic Magmatic Province. The onset of tholeiitic magmatism (Messejana-Plasencia dyke) around the Triassic-Jurassic limit (203 AE 3 Ma; Dunn et al., 1998 ) took place after a prolonged lapse of magmatic quiescence in the SCS. This large dyke has been linked to the opening of the Atlantic Ocean after impingement of the Central Atlantic mantle plume, channelled towards the NE (e.g., Cebri a et al., 2003 and references therein).
Depth of melt extraction
The value of the (Gd/Yb) N ratio of mafic rocks provides a qualitative approximation to the depth of extraction of the Variscan and postVariscan mafic primary magmas, showing that only the alkaline suite (Gb4) attained equilibrium with garnet (Fig. 3B) , which implies minimum pressures in the order of 2.6-3 GPa (~80-100 km) (estimated at 1400-1500 C on the basis of spinel-garnet equilibrium in peridotite xenoliths; e.g., Klemme and O'Neill, 2000; Green, 2015) . The Variscan microdiorites and gabbros (Gb1 and Gb2 suites) display lower (Gd/Yb) N ratios and were probably formed by partial melting of a spinel lherzolite protolith, whereas the shoshonitic dykes have intermediate (Gd/Yb) N ratios, indicative of spinel AE garnet lherzolite conditions (Fig. 3B) . The Ordovician metabasites will not be considered here, as the metamorphic imprint might have affected their chemistry, leading to ambiguous results. We also considered the geothermobarometry approach of Lee et al. (2009) , which estimates the P-T conditions of basaltic melt extraction in equilibrium with a peridotite. The input data for this calculation was the primary magma composition estimated for a set of selected samples using the algorithm of Herzberg and Asimow (2015) . The resulting pressures, although providing wide ranges, are generally higher for the alkaline suite (mainly 3.9-5.6 GPa) when compared to the rest of mafic intrusions (mostly < 3.6 GPa) (Fig. 10) . The post-Variscan alkaline lamprophyres and diabases might thus be of asthenospheric origin, whereas the Variscan suites are probably derived from a lithospheric mantle. The shoshonitic dykes have higher melting P values than the Gb2 microdiorites, in accordance with their higher (Gd/Yb) N ratios, indicating that their primary magmas must have been in equilibrium with a spinel-garnet lherzolite protolith.
The temperatures estimated for the bulk of the SCS mafic suites using Lee et al. (2009 Lee et al. ( ) thermometry (1350 Lee et al. ( -1710 are in accordance with a high geothermal gradient (>120 mW/m 2 ), however, this geothermobarometer is not calibrated for CO 2 -bearing magmas and certain over-estimation of temperature and pressure is likely, respectively, for fertile mantle sources and magma H 2 O contents higher than 2 wt.% (Lee et al., 2009) . The presence of volatiles in the SCS mafic magmas can be deduced from the relative abundance of hydrous minerals in the studied rocks (Orejana et al., , 2009 . This is most evident in the alkaline suite, which shows "loss on ignition" values in the range 3-7 wt.% and presents high modal amounts of magmatic hydrous and carbonated minerals . We thus consider our results as maximum estimated P-T conditions for initial mantle melting. The use of a thermometer based only on the liquid composition (Putirka, 2008 ; P-independent) yields a moderate reduction in T values (10-150 C lower) with respect to Lee's estimations (1350-1535 C) (Fig. 10) , however, even lower temperatures might be expected if phlogopite was involved in the partial melting within the asthenospheric mantle (it is unstable over 1350 C, Condamine et al., 2016) .
Despite the uncertainty in the P-T estimates, upper mantle temperatures during late-Variscan stages (considering data from Gb1, Gb2 and Gb3 suites) were probably higher than the current geothermal estimations for the Spanish Central System (84 mW/m 2 , Jim enez-Díaz et al., 2012) (Fig. 10) . High heat flow at the end of the Variscan cycle is expected, considering the high-T conditions calculated for the SCS lower crustal granulites (~900-1000 C, Zr-in-rutile and Ti-in zircon; Orejana et al., 2011) , while the younger alkaline lamprophyres and diabases define a slightly cooler geotherm after the Variscan cycle (Fig. 10) . In any case, the estimated temperatures do not favour the melting of a dry lherzolite, but rather a metasomatised mantle source. Pargasite amphibole, phlogopite or K-richterite, the first stable in the mantle below 3 GPa and the other two at much higher pressures (Konzett and Ulmer, 1999; Fumagalli et al., 2009) , might have played a role during melting. The water contained in these phases can produce a significant reduction in the solidus temperatures (e.g., Green, 2015; Condamine et al., 2016) . A similar effect can be attributed to the presence of minor amounts of CO 2 in the mantle source, together with a low degree of melting (Gudfinnsson and Presnall, 2005) . The involvement of CO 2 during melting is not clear in the case of the SCS shoshonitic and calc-alkaline suites, but small degrees of a CO 2 -bearing lherzolite (e.g., CO 2 ¼ 0.15 wt.%) melting would agree with the P-T estimations for the primary magmas of the alkaline dykes (Fig. 10) , and explain their relatively high CO 2 contents .
Nature of the mantle sources: evolution over the Palaeozoic
According to the available dataset, the upper mantle under the SCS is characterised by a heterogeneous composition, ranging from an isotopically depleted (close to the MORB values) to a moderately enriched pole (Fig. 4A) . Most of the suites of SCS mafic rocks have registered this heterogeneity internally, thus indicating that it has been present since the first manifestation of mantle-derived magmatism (Early Ordovician metabasites). These magmatic events show contrasting geochemical affinities (tholeiitic, calc-alkaline, shoshonitic, alkaline) (Fig. 2) , however, which cannot be explained simply by differences in the melting conditions or en-route interaction with crustal components (assimilation, magma mixing). The composition of the mantle sources must have changed over time, and the effect of several enrichment processes has been proposed (Orejana et al., , 2009 (Orejana et al., , 2017 Scarrow et al., 2009 Scarrow et al., , 2011 . It is important to note that only the most primitive mafic rocks within each suite are plotted in Figs. 3 and 4 and considered during the discussion, in order to reduce the possible effects of fractionation and crustal contamination.
Some SCS Ordovician metabasites record the presence of a depleted mantle component with a geochemical signature similar to an E-MORB (Tenzuela sector; Orejana et al., 2017) . The Hf isotope data of these samples also reflects a depleted nature (εHf > 4), whereas those determined on samples 114793 and 114796 (Revenga-El Caloco sector) are clearly lower (εHf < 4; Fig. 8B ) and point to a derivation from a more enriched mantle source. This enrichment is also apparent in the trace element geochemistry of these rocks, which displays relatively high LILE (Fig. 2D) . The negative Nb-Ta anomalies, Pb peaks and high Th/Yb ratios (Figs. 2D and 3A) indicate the involvement of a crustal imprint, as previously suggested (Villaseca et al., 2015; Orejana et al., 2017) . The melting of a subduction-related mantle source might explain the more radiogenic Hf isotope ratios of samples 114793 and 114796, which overlap the evolution line of Island-Arc Basalts (IAB) (Fig. 8B) . The higher εHf values of these samples relative to the mantle array also agree with this possibility, as pelagic sediments have high Lu/Hf ratios, along with low Sm/Nd ratios (e.g., Patchett et al., 1984) . The proximity of the Iberian Massif to the Cadomian continental arc, active from~750 Ma to 540 Ma (Linnemann et al., 2007) in the northern margin of Gondwana, makes a subduction imprint within the upper mantle possible (Fig. 11A) . A process of crustal thickening associated with a subduction-collision stage has also been suggested for the generation of a large S-type Cambrian-Early Ordovician granite batholith in the SCS, but taking place previously to the passive margin sedimentation during Floian (500-478 Ma; Villaseca et al., 2016) . Subsequent lithosphere thinning and mantle upwelling during Early to Late Ordovician, in the framework of this passive margin setting (oceanic rifting), probably involved the low pressure melting of two distinct lithospheric mantle sources: a depleted (Tenzuela metabasites) and a slightly enriched (Revenga-El Caloco metabasites) component (Fig. 11B) .
The suite of gabbroic intrusions associated with the Variscan orogeny shows a markedly heterogeneous Hf isotope record (Fig. 8B) . The deviation of this data from the mantle array probably results from assigning a single value of radiogenic Nd (the average whole-rock composition) to the variable Hf ratios extracted from a set of zircon crystals. Such heterogeneity in magmatic zircons within a single sample (up to 11 epsilon units) can only be explained by an open-system process. Similar wide εHf values have been interpreted as evidence of the mixing of magmas from crustal and mantle sources (e.g., Sun et al., 2010; Tang et al., 2014) . Mixing with felsic magmas has been recognised in several SCS mafic intrusions, and is manifested in the formation of lithologies of intermediate composition (Q-diorites, tonalites) (Orejana et al., 2009; Molina et al., 2012) . Based on these observations, Villaseca et al., 2011 related the εHf variation in zircon from gabbros with a process of magma mixing, which might be consistent with data from sample T115, which plots well below the mantle evolution line (Fig. 8B) . The three analysed gabbros (T149, T150 and T151), however, are basic in composition (SiO 2 < 49 wt.%; Orejana et al., 2009 ) and do not show petrographic evidence of interaction with felsic magmas. Alternatively, zircons with contrasting isotope signatures might have been mixed during the storage of distinct mantle-derived magma batches in deep magma chambers or at the emplacement level. The moderately depleted to slightly enriched Nd isotopic composition of the SCS gabbros is broadly similar to the Hf isotopes of the zircons they include (Fig. 8B) . The continuous variation shown by the Sr-Nd-Hf isotopic systems might be inherited from a heterogeneous source region, due to the melting of a variably enriched mantle and the subsequent hybridisation of the accreted melts (although mixing with felsic magmas might have played a role in some cases).
The Sr-Nd isotope composition of the Gb1 gabbros is similar to other Variscan mafic rocks in nearby regions (northern Portugal, Galicia, Pyrenees) and overlaps the composition of peridotite xenoliths included in alkaline mafic volcanics from western and central Europe (Fig. 4A) . The nature of the Iberian mantle enrichment admits at least two nonexclusive origins: (1) the imprint from ancient subduction (as hypothesised for the SCS metabasites), and (2) post-collisional crustal recycling. This latter possibility would require the delamination of a dense lower crustal root, and it has been suggested that this process shortly preceded the generation of the late Variscan mafic magmatism (e.g., Orejana et al., (2008), whereas symbols with an inner white circle illustrate temperatures estimated using the thermobarometer of Lee et al. (2009) . The dry lherzolite solidus and three solidus curves (thin grey dashed lines) for a CO 2 -bearing lherzolite (CO 2 ¼ 0.15 wt.%) have been taken from Gudfinnsson and Presnall (2005) and references therein. The numbers inside ovals for these latter solidus curves indicate the degree of melting. The phlogopite-rich lherzolite solidus curve was drawn after Condamine et al. (2016) . The grey bar separating the spinel and garnet lherzolite stability fields was taken from Green (2015) . The current SCS geotherm and the Moho and LAB (Lithosphere-Asthenosphere Boundary) depth were extracted from Jim enez-Díaz et al. (2012). 2009 ). The present geochemical data does not allow a straightforward conclusion regarding this issue, but the fact that the gabbros with the least radiogenic Nd values (e.g., samples T46 and T151) plot predominantly above the mantle array, does not clearly support the recycling of a continental crustal component (εHf < 0), even if it happened immediately after the Variscan crustal thickening. Instead, the signatures of enriched mantle sources could reflect an older subduction of pelagic sediments (Fig. 11C ), as discussed above for the Revenga-El Caloco metabasites.
The Gb2 suite of microdioritic dykes did not provide Hf isotope data from magmatic zircons. Nevertheless, their whole-rock composition closely resembles that of the Gb1 gabbros in terms of major and trace element contents (Figs. 2 and 3) , and our geochronological data indicates that they can be considered coeval with the late mafic Variscan magmatism. Accordingly, they are probably the melting products of an enriched lithospheric mantle similar to that suggested for the Variscan gabbros. The isotopic composition of these microdiorites demonstrates high values of radiogenic Sr, resembling those of the dioritic terms of the Gb1 intrusions (Fig. 4) , suggesting local mixing with felsic magmas (associated granite porphyry dykes).
The following melting episode in the SCS at~284 Ma (Gb3 dykes) was a localised event, which mobilised a low volume of magma (Fig. 1) . The geochemical features of these monzogabbros (shoshonitic affinity, high LILE and LREE concentrations, negative Nb anomalies and moderately enriched radiogenic ratios) (Figs. 2-4) would agree with the melting of a lithospheric mantle with a crustal imprint. The isotopic similarities with respect to the Gb1 and Gb2 suites imply that, in essence, a similar mantle source was involved to generate the monzogabbros. The higher pressure estimations, K 2 O content and (Gd/Yb) N ratios of these mafic rocks, however, when compared to the previous Variscan calcalkaline intrusions (Figs. 2C and 3B ), point to a slightly deeper level of melting within the spinel-garnet stability field. Shoshonitic magmas typically form during the last extensional stages of collisional orogens (e.g., Dewey, 1988) and have been ascribed to the melting of a subcontinental lithospheric mantle enriched by subduction-related fluids or melts (e.g., Foley, 1992; Turner et al., 1996; Yang et al., 2007) . The K-rich character of the Gb3 suite implies a K-bearing phase in the source. The increasing Ce/Nb ratios for almost constant Nb/Th values, which is a tendency shared with the calc-alkaline suites (Fig. 12) , suggests that amphibole was the main hydrous phase in the source, as can be deduced from the trace element composition of metasomatic minerals from mantle xenoliths (e.g., Ionov et al., 1997) . The strong LREE enrichment shown by the Gb3 microgabbros (Fig. 2D) suggests that amphibole played a key role during the melting reaction. The association of shoshonites with the metasomatic agents of oceanic or continental derivation is a matter of debate and seems to be affected by the geodynamic context (e.g., Zhao et al., 2009; Lustrino et al., 2011) . The range of radiogenic Hf in zircons from the Gb3 suite is centred on the mantle array (Fig. 8B ), but constitutes a relatively scattered dataset which is in agreement with the melting of a mantle source with a variable degree of enrichment (εHf from þ2.1 to À6.3). The similitude in the radiogenic Hf values of sample 112905 with respect to data from the Gb1 intrusions favours a metasomatic imprint associated with the infiltration of subduction-related fluids-melts (Fig. 11C ), as discussed above for the Variscan gabbros and the Ordovician metabasites. Accordingly, the observed enrichment of the lithospheric mantle under central Spain was mainly attained during the Cadomian orogeny, and persisted to the end of the Variscan collision.
The SCS Gb4 alkaline dyke suite is the last Palaeozoic mafic magmatic event in the region. This magmatic event is also significant for its OIB-like geochemistry, illustrative of its derivation from asthenospheric mantle sources, and because it marks the transition from orogenic to anorogenic magmatism in central Iberia . Our geochronological data and previous geochemical studies reveal that it can be divided in two groups: (1) isotopically depleted sodic diabases, and (2) slightly enriched potassic lamprophyres (camptonites)-monzosyenites, which intruded from 274 Ma (diabases) to mainly 264 Ma (lamprophyres). Both groups show broadly similar trace element contents, characterised by high LILE, HFSE and LREE concentrations and strong positive Nb anomalies (Figs. 2 and 3B ). These features are in accordance with mantle sources metasomatised by volatile-alkali-rich melts, and the high REE contents and Rb/Sr ratios shown by the isotopically depleted dykes imply that melting occurred shortly after metasomatism . A main feature of the two analysed alkaline dykes is the low εHf values (À1.1 to À7.7; Supplementary Table 4) associated with whole-rock εNd numbers from þ0.2 to À0.5 (Fig. 8B) . The fact that the radiogenic Nd data represents average values, implies that even more positive εNd figures might be related to some of the Hf zircon data, which would move these points further apart from the mantle evolution line. We interpret this as an indication of decoupling in the Hf-Nd isotopic space. Such decoupling has been identified in different alkaline ultramafic rocks (e.g., kimberlites, ultramafic lamprophyres and lamproites), and related to the melting of mantle sources metasomatised either by crustal-derived zircon-bearing sediments (Prelevi c et al., 2010) or by alkaline melts extracted from subducted oceanic crust (e.g., Nowell et al., 2004; Tappe et al., 2011 Tappe et al., , 2013 . The first possibility has been proposed for lamproites showing a clear crustal imprint: high radiogenic Sr, low εHf-εNd, and incompatible trace element ratios similar to upper crust values (e.g., Ce/Pb, Nb/U). The SCS alkaline dykes do not show such enriched signatures in their isotopic (Fig. 4) or elemental (Fig. 3A) composition, indicating the involvement of deep metasomatic agents . The slight Hf-Nd decoupling could be ascribed to the melting of (or interaction with) a mantle component which evolved with time-integrated low Lu/Hf relative to Sm/Nd (Griffin et al., 2000; Nowell et al., 2004) . The recycling of oceanic lithosphere deep in the mantle has been proposed as a possible source for the addition of such a signature (e.g., Tappe et al., 2013) . Upwelling of the asthenospheric mantle in the context of continental rifting might have allowed this kind of subducted material to ascend and be CO 2 -and H 2 O-flux melted (Fig. 11D ). This melt influx would have caused modal metasomatism in the form of veins containing volatile-rich minerals (e.g., phlogopite, apatite, carbonate). Metasomatic veins generally have lower melting temperatures compared with the surrounding peridotite (e.g., Foley et al., 1999) , so they would have been preferentially consumed during the melting event, thus imprinting the Nd-Hf isotopic mismatch to the magma. The geochemistry of these alkaline lamprophyres and associated monzosyenites is in agreement with derivation from a phlogopite-bearing mantle (Fig. 12) , whereas the diabases represent the input of magmas from a convecting mantle with a different paragenesis of metasomatic phases .
Although Nd model ages are not significant from a quantitate standpoint, as the metasomatised nature of the mantle sources imply that they only represent minimum ages from a mixture of components, a qualitative approach can provide interesting data. It is relevant that Nd model ages of the SCS mafic magmas, up to the end of the Variscan cycle, overlap in the range of 1130-2100 Ma (Fig. 4B) , suggesting that they were extracted from a broadly similar lithospheric mantle region. By contrast, the Gb4 alkaline suite shows lower Nd model ages, supporting the ascent of a deeper (and younger) convecting asthenospheric mantle in the context of continental rifting. The different Nd model ages of diabases (452-614 Ma) and lamprophyres (840-1126 Ma) (Fig. 4B) demonstrate that an old recycled component played a key role in the genesis of this latter group of dykes.
Conclusions
Zircon U-Pb isotopes and Ar-Ar geochronology on amphibole have allowed the accurate dating of several Variscan and post-Variscan suites of mafic magmatic rocks from the Spanish Central System. The Variscan gabbros have provided ages (305-294 Ma) similar to those of the large Variscan granitic batholith (312-298 Ma), but slightly younger than previous geochronological data on SCS gabbro massifs. The youngest data overlaps the ages of a suite of mafic (microdiorites; 299 Ma) and felsic (granitic porphyries; 292 Ma) dykes. The geochronological and geochemical similarities shown by these two groups of mafic rocks indicate that the late Variscan igneous activity in the SCS was characterised by a bimodal magmatism involving prevalent crustal peraluminous melts and subordinated mafic-intermediate calc-alkaline series. The later subvolcanic shoshonitic magmas (285 Ma) mark the end of the Variscan orogenic cycle. Alkaline diabases and lamprophyres have shown differences in their age of intrusion (274 Ma and 271-265 Ma, respectively) in a way that matches their isotopic signatures.
Pressure and temperature estimations indicate that the Permian alkaline magmas were extracted from asthenospheric mantle sources, whereas the previous Variscan suites of mafic rocks were derived from the melting of a shallower lithospheric mantle. Temperatures, although poorly constrained, support a higher geothermal gradient at the end of the Variscan cycle when compared with the later Permian rifting setting. The lithospheric mantle under the SCS seems to have been affected mainly by the recycling of clay-rich sediments via oceanic subduction (associated with the Cadomian orogeny), inducing more radiogenic Hf values. This mantle was probably the source of the mafic igneous suites exhibiting an enriched isotopic composition and trace element ratios typical of crustal components: pre-Variscan (Ordovician) Revenga-El Caloco metabasites and Variscan calc-alkaline and shoshonitic series. The entrainment of a deeper (asthenospheric) mantle is restricted to extensional geodynamic settings with significant mantle upwelling, marking the onset of successive anorogenic magmatic events in Iberia. This is the case for the Permian alkaline dykes, which show heterogeneous radiogenic Nd values (εNd from þ7 to À1) and OIB-like trace element signatures. The moderate decoupling of the Hf-Nd radiogenic values observed in the enriched alkaline dykes could be related to a mantle component which evolved with time-integrated low Lu/Hf relative to Sm/Nd. A possible candidate would be a deep-seated metasomatic melt generated from a recycled oceanic lithosphere. This agent might have ascended due to mantle upwelling, finally giving rise to a phlogopite-bearing vein network. The subsequent melting of this metasomatised mantle would have transferred the decoupled isotopic ratios to the mafic magmas. Fig. 12 . Nb/Th vs. Ce/Nb ratios of SCS mantle-derived rocks. Smaller symbols are data from the literature (see references in caption to Fig. 2) . The arrows indicate the predicted change in melt composition due to partial melting of an amphibole-or phlogopite-bearing peridotite.
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